Platinum loaded carbon layers were synthesized by a two-step plasma sputtering process. 200 nm thick columnar (columns with an average diameter of 20 nm) carbon films having a large open porosity were formed in the first step. Using the same plasma system, the films were subsequently loaded with platinum. SEM, TEM and Rutherford backscattering spectrometry analysis show that platinum diffuses into the carbon layer and forms nano-sized particles (mean diameter ca. 3 nm) along and around the carbon nanocolumns and down to the film/support interface. Optimized catalytic layers were formed at low plasma pressure operation (<1 Pa) and had an upper platinum loading limit of about 0.1 mg.cm -2 .
Introduction
Heterogeneous catalysis is of primary importance in many chemical and electrochemical processes. To be efficient a solid catalyst is usually an assembly of nano-sized particles dispersed on a support with (preferably) a large surface area. Nanoporous carbons are one of the most currently used physical supports for catalysts deposition [1] [2] [3] [4] [5] [6] [7] [8] [9] . In the future, due to environmental concerns, both the catalyst usage conditions and catalyst preparation methods will suffer from severe international rules.
The development of new and environment friendly catalyst preparation methods remains a challenging research task aimed at simplifying the industrial processes, while reducing the fabrication costs and preparation times, and increasing the catalysis efficiency and selectivity.
Plasma technologies have been involved in catalysis with some success [10] [11] [12] . Most of the studies are related to ultra-fine particles production, direct catalyst deposition on a support [13, 14] and also assistance of catalytic reactions [15, 16] . Although very few studies are devoted to low pressure plasma deposition of catalytic thin films, the latter is expected to be advantageous for controlling low catalyst content and location [17] [18] [19] [20] [21] [22] [23] . The present study reports on a new fabrication method using plasma sputtering for obtaining an active carbon layer loaded with platinum. The influence of the deposition parameters on the carbon layer morphology and platinum diffusion into the layer is investigated and discussed.
Experimental

Sputtering device
Carbon and platinum were deposited by plasma sputtering and a scheme of the low pressure plasma experimental set up (MHS Equipment) is shown in Figure 1 . An argon plasma is created in a 80 L cylindrical stainless steel chamber by using an external water cooled planar three turn radiofrequency antenna powered at 300 W using a 13.56 MHz Radio Frequency generator coupled to an impedance matching box. The chamber is evacuated to less than 5.10 -5 Pa and the depositions are performed in the pressure range 0.5 Pa to 5 Pa. To sputter carbon and platinum, two 50x50 mm high purity planar targets for each material are placed at half height in the chamber and DC biased at a fixed voltage of -300 V. The targets are placed at a distance of 80mm from the substrate (100 type silicon) at an angle of 45° with respect to the grounded substrate holder axis. Silicon wafers are used as substrates because they allow a correct measurement of the thickness and composition of the carbon and Pt -carbon films. The substrate is rotated and its temperature is measured with a thermocouple.
Pt/C synthesis
The carbon films loaded by platinum catalyst are made in two consecutive steps. Initially, in
order to obtain identical carbon layers, carbon is deposited onto ten silicon samples during a single one hour deposition run at 2 Pa. Catalyst is subsequently deposited onto each of these carbon layers using various pressures and deposition times to get some insight into the resulting morphology changes.
Analysis
Scanning Electron Microscopy (SEM-Hitachi S4500) and Transmission Electron Microscopy (TEM-Philips CM20) were used to characterize the film's morphology and the platinum particle size in the carbon layer. Cross sections were prepared in order to observe the in-depth profile of the deposits.
The presence of platinum was detected by EDX (energy dispersive X-ray spectrometry) and the films were analyzed by RBS (Rutherford Backscattering Spectroscopy) with a Van de Graaf accelerator (CERI-CNRS, Orléans, France) using a 2 MeV 4He + ion beam. Coupled with the SimNRA [24] software, it is a powerful method for determining the composition and depth profile. From the RBS analysis, the total number of Pt atoms per cm² (N s ) of deposited film is measured, whereas the film thickness is estimated by SEM observations of the cross-sections.
Results and discussion
The carbon layer
The SEM image in Figure 2 shows a typical cross-section of the carbon coating deposited by plasma sputtering on (100) type silicon. The carbon layer growth is columnar with column density depending on plasma process parameters as a result from the so-called shadowing effect [25] . The columns stand on a 20 nm thick dense carbon interface with the silicon substrate. From bottom to top, the columns diameter increases from about 10 to 25 nm and the total film thickness is around 200 nm.
Using RBS analysis, about 12 µg.cm -2 (560x10 15 atoms.cm -2 ) of carbon was found to make up this layer leading to a density of about 0.7 g.cm -3 . Hence this open structure exhibits an adequate morphology and can be used as a support for the catalyst.
The Pt/C layers
Platinum was deposited onto the carbon layers using different sputtering times (from 1 min to 15 min at 1 Pa) and pressures (from 0.5 Pa to 5 Pa during 10 min). Platinum diffuses over the whole pressure range investigated here (0.5 to 5 Pa) with the platinum deposition rate and the top and bottom diameters of the carbon columns decreasing with increasing operating pressure as shown in Table 1 (samples 6 to 8). Table 2 .
TEM analyses of two samples obtained with the same deposition time at different pressures (1 and 5 Pa, samples 4 and 8) indicate a thin and dense surface layer and smaller particle size (Table 2) at low pressure, leading to a more homogeneous distribution of the Pt nanoparticles in the carbon layer. Compared with sample 1 without platinum (figure 2), the micrographs clearly show that the columnar structure of the deposited film is preserved for deposition times less than 10 min at 0.5 and 1 Pa (samples 3 and 6 in Figure 5 ). For a deposition time of 15 min (sample 5 in Figure 5 ), the carbon columnar structure has collapsed and the layer thickness is considerably reduced. Interestingly, the platinum quantity deposited at 0.5 Pa for 10 min (sample 6) is similar to that of sample 5 (about 450 ×10 15 atoms.cm -2 ), although the corresponding film presents very different morphologies. The platinum diffusion into the carbon thin film is favoured at low pressure (0.5 Pa) which leads to strengthening the columnar structure and preventing the formation of a dense platinum top layer at the film surface.
Otherwise, as in sample 5, a thick dense platinum layer induces stress onto the carbon column structure and it collapses [26] . The fact that platinum diffuses deeper at low pressure results from a higher kinetic energy of the sputtered platinum atoms and from ion bombardment occurring during deposition as previously reported on flat surfaces [27] [28] [29] [30] .
Hence to ensure an adequate morphology of the loaded film with a good dispersion of the catalyst, the amount of deposited platinum should be limited to 300×10 15 atoms.cm -2 , e.g., 0.1 mg.cm -2 and the working pressure should be less than 1 Pa.
Conclusion
In summary, this experimental study demonstrates that plasma sputtering can be successfully applied to preparing and controlling the composition and the structure of catalyst loaded carbon layers.
Low pressure (<0.5 Pa) deposition below a typical maximum limit of about 300×10 15 atoms.cm -2 leads to the growth of Pt loaded porous carbon films with a good platinum dispersion. Experiments are under progress to evaluate the electrochemical performance of active layers prepared by this novel process. 
